A novel coating method for the GaN-MOCVD graphite susceptor is proposed in the paper, which means that the upper surface and sides of the graphite susceptor are covered with a low emissivity material coating, and the surface under the susceptor is covered with a high emissivity SiC coating. By using finite element analysis software COMSOL Multiphysics, the temperature field of the susceptors without coating, with common SiC coating, and with improved coating is obtained and compared, which shows that the susceptor with the improved coating not only increases the heating efficiency of the heater, but also improves the temperature uniformity of the substrate, which can be of great benefit to the film growth. In addition, this improved coating for the susceptor has the same heating sensitivity as the common SiC coating.
Introduction
MOCVD (Metal-Organic Chemical Vapor Deposition) technology is a key technology of fabrication of GaN-based optoelectronic and microwave high-power devices, such as blue-light-emitting and high-power laser diodes [1] [2] [3] . Presently, the third generation semiconductor industry, with GaN and nitride compounds as the typical representatives, develops very fast, especially in the semiconductor lighting industry [4] [5] [6] [7] . The MOCVD method, which is used to grow the GaN epitaxial film in a large scale, is a key technique. More and more attention has been paid to the research and development of LED epitaxy MOCVD equipment [8] [9] [10] [11] . Device performance is mainly determined by the material quality, while the material quality depends on the flow field and the thermal field of the MOCVD reactor.
The MOCVD heating system comprises a heater and a graphite base [12] , and the design quality is critical to the temperature field of reactor. Surface treatment and coating of graphite materials have greater impact on thermal characteristics. A lot of researches on them have been done in recent years [13] [14] [15] [16] . WU Wen-ming et al. [17] used steadystate calorimeter method and Fourier infrared spectrometer (FTIR) to measure the total hemisphere emissivity at 90 ∘ C and the normal spectral reflectance at room temperature of C/SiC composites, respectively, and they investigated the effect of fiber preform weaving mode, thickness of SiC coating, and surface morphology on the thermal radiation properties of C/SiC. Zhu Bo et al. [18] measured the normal spectral emissivity and normal total emissivity of two kinds of carbon fiber by automatic instrument for spectral radiation measurement before and after the graphitization treatment and investigated the effect of graphitization on infrared emissivity property of carbon fibers. Del Re et al. [19] studied the influence of the nitrogen partial pressure, bias voltage, and postannealing on the properties of the AlN/ZrN/AIN low-E coating. The surface of the graphite susceptor in conventional MOCVD reactor is covered with a layer of SiC coating. The emissivity of SiC is high [20] and can improve the cooling rate of the graphite susceptor, but the temperature uniformity in the substrate and the heating efficiency will be affected. An improved coating method of GaN-MOCVD graphite susceptor is presented in this paper. The upper surface and sides of graphite susceptor are covered with a low emissivity material coating, and the bottom surface of the susceptor is covered with an SiC coating with high emissivity. This method cannot only maintain the heat sensitivity of the graphite susceptor, but also increase the thermal utilization, as well as the uniformity of temperature distributions in the substrate.
Simulation Model
This paper focuses on the temperature distribution of the substrate surface. The following assumptions are made without affecting the main results.
(1) Thermal radiation and thermal conduction are considered in the model, while the heat convection is ignored.
(2) The graphite substrate rotation is not considered.
(3) The gas in the reactor is pure hydrogen under a standard atmosphere pressure.
(4) The outer face of the reactor is set to beatroom temperature.
(5) Only the steady-state distribution is considered in the temperature fields.
(6) The substrate deformation with the different temperatures is not neglected.
Heat conduction equation used in the model is
The boundary conditions of the susceptor and the reactor inner face are as follows:
The boundary condition of the reactor outer face is
The boundary condition of the axis is
where is the specific heat, is the thermal conductivity of the material , is the density, is the temperature, is the emission rate, is the Stefan-Boltzmann constant, ℎ is the heat transfer coefficient, is the environmental temperature, is the absorbed heat, and 0 is the room temperature.
The thermal conductivity and the specific heat of the graphite are
The emission rate is
The density of the graphite is graphite = 1750 kg m 3 .
The 2D axisymmetric modeling for the MOCVD reactor with infrared heating system is used. It is assumed that internal hydrogen atmosphere is standard state, and the convective heat transfer is neglected. In the paper, the impact of the graphite base is focused on, so a single heater system is used. As shown in Figure 1 , the reactor model is made up of simplified 4 portions: the heater, the graphite susceptor, the reactor wall, and the sapphire substrate.
The geometric parameters of the reactor model are shown in Table 1 .
Based on the finite element software COMSOL Multiphysics, the thermal conductivity and the thermal radiation law are applicable in the model. The reactor wall is watercooled wall, and the temperature of inner wall is set to be constant at 325 K. The surface emissivity of ordinary graphite plate is between 0.5 and 0.79 [21] , and in this simulation, it is set to 0.5. The emissivity of SiC coating is approximately the same as the emission rate of SiC [20] , which can be represented by Formula 1. Consider SiC ≈ 0.00011 + 0.768 (700 K ≤ ≤ 3000 K) ,
where the emission rate of low emissivity material substance is set to 0.1.
Simulation Results and Analysis

Influence of Sapphire Size on the Deformation.
The characteristic temperature of GaN growth is approximately 1195 K. The temperature distributions are calculated in the susceptors without coating, with common SiC coating, and with improved coating, respectively. Figure 2 shows the steady-state distribution of substrate temperature under three coating methods at the temperature of 1195 K. In order to change the temperature conditions of the epitaxial material growth in time, it is required that the substrate be heated up and cooled down quickly in the MOCVD heating system; thus SiC is used as the coating of graphite plate generally. For a deep study of effect of the improved coating on the sensitivity, the heating processes of graphite susceptors from 273 K are simulated under the conditions of haplotypes power (2381.02 W) heating and triple power (7143.06 W) heating. Figures 3 and 4 show the heating processes of graphite susceptors from 273 K under the conditions of triple power heating and haplotypes power heating. The comparison between different coating methods' heating time is shown in Figure 5 . By combination of Figures  3, 4 , and 5, it can be seen that temperature rising speed of substrate heating of graphite susceptor with improved coating is comparable to that of graphite susceptor with SiC coating, even if the single power exceeds the SiC coating, and is faster than that of graphite susceptor without coating. This is mainly because the heating condition of lower surface of the graphite susceptor is comparable to that of SiC coating, while the emission of the upper surface and the sides is low, so that heat dissipation is slow and a certain insulation effect is played, and the temperature of graphite susceptor rises faster. Therefore, the improved coating has good heat sensitivity. Heating sensitivity using improved coating graphite susceptor is 5%-10% over that using no coating graphite susceptor and is equivalent to using SiC coating graphite susceptor.
Heat utilization efficiency is the proportion of energy used for heating the substrate surface to all the heat emitted by the heater. Here, the average temperature of the substrate surface can be used to characterize the heat utilization efficiency of the heater. Figure 6 shows the substrate surface temperature distribution of the three kinds of graphite susceptors at the temperature of about 1195 K. The heating power with different heater when heated to 1195 K is shown in Figure 7 . In the three cases of without coating, SiC coating, and improved coating, the power values of the heater are, respectively, 2233 W, 2284 W, and 1866 W. From Figures 2,  6 , and 7, it can be seen that heat utilization of the heater efficiency is improved with the use of improved coating. It is also due to that the upper surface coating and the sides coating play a thermal insulation effect. Compared with the susceptors without coating and with SiC coating, the heat utilization efficiency of the susceptor with improved coating is increased by 16.4% and 18.3%, respectively. The temperature uniformity of substrate surface has great influence on the consistency of the material growth, which is an important criteria for designing the MOCVD reactor. The effect of improved coating on the temperature uniformity is also studied. The numerical characteristics (namely, the temperature range and the standard deviation) of the temperature distributions in the substrate are shown in Figure 8 under three conditions. As can be seen, as improved coating is used, temperature range is dropped to 5.39 K from 16.1 K with/without coating and 13.4 K with common SiC coating. The temperature standard is dropped to 1.78 K from 4.19 K with/without coating and 4.96 K with common SiC coating. The temperature uniformity in the substrate on the susceptor with improved coating is better than that with common SiC coating. This is because the temperature is higher in the edge region of the substrate for susceptor with improved coating, which compensates the heat losses brought about by the edge effect of the substrate and improves the temperature uniformity of the substrate surface.
Conclusions
By using finite element analysis software COMSOL Multiphysics, an improved coating method of GaN-MOCVD graphite susceptor is presented in this paper. Low emissivity material coating is covered on the upper surface and sides of the graphite susceptor, and high emissivity SiC coating is covered on the lower surface. Using a modified coating, in the case of maintaining the heating sensitivity of graphite susceptor comparable to the susceptor with SiC coating, the heat utilization efficiency of the heater is improved, so that the temperature uniformity of the substrate surface has been greatly improved.
